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Abstract

This is an informal report on preliminary efforts to investigate earthquake focal
mechanisms and earth structure in the Anatolian (Turkish) Plateau.  Seismic velocity
structure of the crust and upper mantle and earthquake focal parameters for event in the
Anatolian Plateau are estimated from complete regional waveforms.  Focal mechanisms,
depths and seismic moments of moderately large crustal events are inferred from long-
period (40-100 seconds) waveforms and compared with focal parameters derived from
global teleseismic data.  Using shorter periods (10-100 seconds) we estimate the shear
and compressional velocity structure of the crust and uppermost mantle.  Results are
broadly consistent with previous studies and imply relatively little crustal thickening
beneath the central Anatolian Plateau.  Crustal thickness is about 35 km in western
Anatolia and greater than 40 km in eastern Anatolia, however the long regional paths
require considerable averaging and limit resolution.  Crustal velocities are lower than
typical continental averages, and even lower than typical active orogens.  The mantle P-
wave velocity was fixed to 7.9 km/s, in accord with tomographic models.  A high sub-
Moho Poisson’s Ratio of 0.29 was required to fit the Sn-Pn differential times.  This is
suggestive of high sub-Moho temperatures, high shear wave attenuation and possibly
partial melt.  The combination of relatively thin crust in a region of high topography and
high mantle temperatures suggests that the mantle plays a substantial role in maintaining
the elevation.

Introduction

The Anatolian Plateau is a region of high elevation that results from continental
collision of the Arabian Plate with Southern Eurasia.  Convergence is accommodated by
strike-slip motion along the Northern and Eastern Anatolian Faults and thrusting in the
Caucasus Mountains.  Among the outstanding issues regarding the large-scale tectonics
of this region is the presence and extent of crustal thickening, the role of the mantle in
maintenance of the high topography and the structure and composition of the crust and
mantle and its relationship to continental volcanism.
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The seismic structure of this region has been studied with a variety of techniques
and several features are noteworthy.  One might expect the crust to be relatively thick,
however receiver functions at station ANTO (Ankara, Turkey) imply a crustal thickness
of only 36-38 km (Sandvol et al., 1998; Saunders et al., 1998).  In northeastern Turkey
the crust thickens from north to south from 32-40 km (Cakir et al., 2000).  A crustal
thickness of 40 km has been inferred for the entire Anatolian Plateau from surface wave
group velocities (Mindevalli and Mitchell, 1989), however resolution of the Moho depth
from surface wave dispersion is poor.  Some studies report lateral variations between the
crustal structure and thickness of eastern and western Anatolia (Mindevalli and Mitchell,
1989; Saunders et al., 1998).  While the inferred normal crustal thickness of the
Anatolian Plateau seems at odds with the high topography, hot buoyant mantle may
certainly play a role.  Low P-wave velocities (Chen et al., 1980; Hearn and Ni, 1994) and
high S-wave attenuation, possibly related to partial melt, is reported for beneath the
central Anatolian Plateau (Kadinsly-Cade et al., 1981; Rodgers et al., 1997; Gok et al.,
2000).  More normal sub-Moho P-wave velocities are inferred beneath northeastern
Turkey (Necioglu et al., 1981).  Surprisingly no velocity models have been inferred from
regional waveform modeling.  While receiver function and surface wave analysis can
estimate shear wave velocities, waveform modeling the shear coupled P-wave, PL, can
constrain average crustal compressional velocities.

In this report, we present preliminary analysis of complete regional waveforms
(body- and surface waves) for paths sampling the Anatolian Plateau.  Focal parameters
are inferred from the regional data filtered at long-periods so as to reduce the sensitivity
to velocity model.  Generally good agreement is found between focal parameters from
regional and teleseismic data, however a discrepancy in depth for one event is found.
Seismic velocity models are reported for the region.  The velocity models imply moderate
crustal thickening from west to east.  Crustal velocities are lower than typical continental
averages, but consistent with active orogenic regions.  The sub-Moho Poisson’s Ratio is
relatively high (0.29) compared to normal continental mantle, making it appealing to
speculate that high temperature and possibly partial melt are present in the shallow
mantle.  These preliminary results show that future work with data from a dense regional
network will reveal more conclusive evidence regarding the structural details of the
Anatolian Plateau.

Data

Broadband three-component waveform data for events in 2000 were collected
from open sources.  We obtained data from the IRIS-GSN stations GNI (Garni, Armenia)
and KIV (Kislovosk, Georgia) and the GEOFON/MEDNET stations ISP (Isparta,
Turkey) and MALT (Malatya, Turkey).  Three events occurring within the plateau were
considered (Figure 1).  These three moderately large events have reported focal
mechanisms, depths and moments from the Harvard CMT (Centroid Moment Tensor)
Project and USGS-NEIC (United States Geological Survey - National Earthquake
Information Center).  Focal mechanism, depth and seismic moment are necessary for
matching absolute amplitudes of observed data to synthetic seismograms.  In the next



3

section we estimate focal parameters from the regional waveforms alone and compare our
solutions to the reported teleseismic solutions.

Focal Parameters from Long-Period Waveforms

Seismic moment tensors and focal mechanisms have been estimated from sparse
broadband networks (Dreger and Helmberger, 1993; Ritsema and Lay, 1995) and single
stations (Walter, 1993; Fan and Wallace, 1991).  Accuracy in the seismic velocity model
is imperative in order to reliably estimate source parameter from intermediate period data
(50-5 seconds), especially when using a single station or for small events (Dreger and
Helmberger, 1993; Fan and Wallace, 1991).  We use the grid search method of Walter
(1993) to estimate the best double-couple mechanism, depth and moment for single and
multiple station cases.  For the moderately large events (5.0 ≥ MW ≥ 6.0) considered in
the Anatolian Plateau we can use long-periods (40-100 seconds) and reduce the
sensitivity to (unknown) crustal structure.  We used an ad hoc model to compute Greens’
functions with a reflectivity code (Randall, 1994).

Figures 2 and 3 show the source parameter waveform fitting for the 2000/158 and
2000/350 events, respectively.  The long-period waveforms show excellent signal-to-
noise and clear arrivals (Figures 2a and 3a).  The mechanisms are estimated for a number
of depths and the minimum in scaled error indicates the best fit (Figures 2b and 3b).
Focal mechanisms are compared to the reported USGS-NEIC and CMT solutions
(Figures 2c and 3c) and show good agreement.  In the following section we will use the
USGS-NEIC estimates of the focal mechanism, depth and moment for waveform
modeling, to avoid possible bias by our use of a possibly inappropriate velocity model.

There is a great discrepancy in the reported depths of the 2000/320 event by the
USGS-NEIC (66 km) and Harvard CMT (15 km).  An event at such great depth seems
highly unlikely given the low velocities and high temperatures in the sub-crustal
lithosphere in eastern Turkey.  We tried unsuccessfully to model this event with complete
three-component regional waveforms from stations MALT, GNI and KIV using the same
methods described above.  We unable to fit very late arriving energy, even at very long
periods.  We found evidence for a secondary event after the reported origin time.  Figure
4 shows the autocorrelation functions for the raw vertical component broadband velocity
recordings at GNI, KIV and MALT.  There is a secondary peak on all three
autocorrelations at 17-18 seconds.  We speculate that the P-wave from a second event 17-
18 seconds after the reported origin could be misidentified as a depth phase for an event
with a depth of 66 km.  Travel times for the ak135 model (Kennett et al., 1995) predict a
teleseismic pP-P differential time with this value for a 66 km depth.  It is possible to
model these observed regional waveforms as two events by summing the Green’s
functions with the suspected delay time and finding the optimal moments, depths and
focal mechanisms by grid search.

Lithospheric Structure
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Complete regional waveforms (body- and surface waves) are strongly impacted
by the source focal mechanism and depth as well as the structure through which they
pass.  However if the source parameters are well constrained then the observed
waveforms can be used to estimate structure.  The large amplitude surface waves are
mostly sensitive to the crustal thickness and shear velocities of the lithosphere.  The
body-waves, Pn and Sn, are mostly sensitive to the shallow mantle P- and S-wave
velocities, respectively.  The shear-coupled P-wave, PL, is strongly impacted by crustal
thickness and average crustal P-wave velocities and weakly sensitive to the S-wave
structure.  Matching observed waveforms to synthetic seismograms is widely done to
estimate path-averaged one-dimensional structure.  The fits can be good when the source
is well modeled and paths are isolated to a more-or-less homogenous tectonic province.

We estimated one dimensional path-averaged velocity structures for paths
sampling the Anatolian Plateau by fitting the observed three-component waveforms.  A
grid search scheme was employed to map out the fit of the data to a wide range of models
(Rodgers and Schwartz, 1998; Rodgers et al., 1999).  While grid search is
computationally intensive, because the forward problem must be solved many times, it
has the advantage of not requiring linearization, iteration or estimates of a starting model.
Our goal is not to find complex layered crustal models that optimally fit the data, but
rather to obtain robust estimates of bulk structure.  The results of this study can be used to
compute Green’s functions for waveform modeling estimates of source parameters of
new events or as starting models for waveform inversion for pure-path structure.

Synthetics were computed for each path for simple crustal models composed of a
sediment layer, a single uniform crustal layer and a mantle.  The crustal thickness and
crustal P-wave velocity were varied with 5 km and 0.1 km/s increments, respectively.
The Poisson’s Ratio in the crust was fixed at 0.25 and the mantle structure was held
fixed.  The synthetics were summed using both the USGS and CMT focal mechanisms
and the misfit between the data and synthetic was computed in several period bands.  The
misfit is plotted on the model space in Figure 5.  This shows the trade-off between crustal
thickness and velocity along directions of constant vertical crustal travel time.  While the
best fit (indicated by the star) provides the minimum misfit, adjacent solutions with
slightly higher misfit are acceptable.  We found the best fits using the CMT and USGS
solutions for the 2000/158 and 2000/350 events, respectively.

Figure 6 shows the velocity models and fits to the data.  We chose models that in
some cases may not have given the least misfit, but rather fit smaller amplitude features.
In particular, the large amplitude Love wave observed on most paths tends to dominate
the sensitivity of the data to the models.  We found that smaller amplitude Rayleigh wave
features were better fit on the models adjacent to the misfit minima in Figure 5.  The fits
to the Rayleigh waves are disappointing, however this is not surprising given the severe
under-parameterization.  Clearly multiple layers and gradients in the crust will better fit
the dispersion of the surface waves.  Future work will address this issue.  The bulk crustal
P-wave velocities are rather low (5.8-5.9 km/s).  The average P-wave velocity of the
continental crust is 6.45 km/s with orogenic regions having a slightly lower average of
6.39 km/s (Christensen and Mooney, 1995).
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The mantle P-wave velocity was fixed to 7.9 km/s, consistent with the average of
tomographic models (Hearn and Ni, 1994; Sandvol personal communication; McNamara
personal communication).  In order to fit the long-period Sn arrivals, the sub-Moho
Poisson’s Ratio was set to 0.29.  This is somewhat higher than the stable continental
average of 0.27 (Christensen and Mooney, 1995).  These relatively low sub-Moho P- and
S-wave velocities, high Poisson’s Ratio and poor short-period Sn propagation suggest
that high temperatures and possibly partial melt are present in the shallow mantle beneath
the Anatolian Plateau.

Conclusions

In this study we report preliminary models of the lithosphere of the Anatolian
Plateau.  Results suggest that the crustal thickness is relatively typical of the continents,
despite the high elevation of the Plateau.  Crustal velocities are lower than stable
continental regions, and a bit lower than typical active orogens.  Sub-Moho velocities are
low and the Poisson’s Ratio is high, suggesting that high temperatures and possibly
partial melt play a role in maintaining the high elevation of the Anatolian Plateau.  Future
work using events recorded in Turkey can improve resolution of seismic velocities and
crustal thickness and address pending tectonic issues regarding the Anatolian Plateau.
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Table 1.

Reported focal parameters.
Date Time Latitude Longitude Depth mb

2000/158 June 6 02:41:49.8 40.621 32.967 3 6.1
2000/320 Nov 15 15:05:39.3 38.650 42.949 61 5.7
2000/350 Dec 15 16:44:45.1 38.614 31.058 5 6.0
Location and origin time taken from the USGS-QDE (taken from the USGS-NEIC
webpage http://www.neic.usgs.gov)

Event USGS-NEIC Harvard CMT
Date Depth MW Strike/Dip/Rake Depth MW Strike/Dip/Rake
2000/158 3 6.1 122/69/-106 15 6.0 126/62/-119
2000/320 66 5.7 108/11/-95 15 5.6 109/71/122
2000/350 5 6.0 98/57/-106 15 6.0 103/57/-100

Taken from the USGS-NEIC webpage http://www.neic.usgs.gov and Harvard CMT
webpage http://www.seismology.harvard.edu/CMTsearch.html )

Table 2.

Focal parameters from this study.
Date Depth MW Strike/Dip/Rake
2000/158 10 6.04 111/41/-156
2000/350 5 6.17 120/25/-56



25
˚

25
˚

30
˚

30
˚

35
˚35

˚

40
˚

40
˚

45
˚

45
˚

50
˚

50
˚

35
˚

35
˚

40
˚

40
˚

45
˚

45
˚

0
50

0

km






F
ig

u
re

 1
.  

M
ap

 o
f t

he
 A

na
to

lia
n 

P
la

te
au

, a
nd

 th
e 

ea
rt

hq
ua

ke
s 

(U
S

G
S

-N
E

IC
 fo

ca
l m

ec
ha

ni
sm

s)
 a

nd
 b

ro
ad

ba
nd

 s
ei

sm
ic

 
st

at
io

ns
 (

tr
ia

ng
le

s)
 c

on
si

de
re

d.
  T

ec
to

ni
c 

an
d 

ge
og

ra
ph

ic
 fe

at
ur

es
 a

re
 in

di
ca

te
d.

B
la

ck
 S

ea

M
ed

it
er

ra
n

ea
n

 S
ea

Ir
an

ia
n

 
   

 P
la

te
au

A
n

at
o

lia
n

 P
la

te
au

N
o

rt
h

 A
ra

b
ia

n
 P

la
tf

o
rm

IS
P

B
R

T
R

M
A

LT

K
IV

G
N

I
20

00
/3

50

20
00

/1
58

20
00

/3
20

L
es

se
r

C
au

ca
su

s

G
re

at
er

C
au

ca
su

s



G
N

I
IS

P

40
-1

00
 s

Z R T

40
-1

00
 s

(a
)

(b
)

(c
)0.

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

Scaled Error

0
5

10
15

20
25

30
35

40
45

D
ep

th
 (

km
)

6.
15

 

6.
04

 
6.

03
 

6.
00

 
5.

99
 

5.
99

 
5.

99
 

6.
01

 

EV
EN

T:
 2

00
0/

15
8

St
at

io
ns

: I
SP

 G
N

I
Fi

lte
r: 

40
 - 

10
0 

s

F
ig

u
re

 2
.  

W
av

ef
or

m
 m

od
el

in
g 

fo
r 

th
e 

so
ur

ce
 p

ar
am

et
er

s 
of

 th
e 

20
00

/1
58

 e
ve

nt
.  

(a
) 

O
bs

er
ve

d 
(b

lu
e)

 a
nd

 s
yn

th
et

ic
 (

re
d)

 w
av

ef
or

m
s 

fo
r 

th
e 

tw
o-

st
at

io
n 

fo
ca

l p
ar

am
et

er
 e

st
im

at
io

n 
of

 th
e 

20
00

/1
58

 e
ve

nt
.  

D
at

a 
an

d 
sy

nt
he

tic
 w

er
e 

fil
te

re
d 

40
-1

00
 s

ec
on

ds
.  

(b
) 

D
ep

th
-

m
ec

ha
ni

sm
 m

is
fit

 c
ur

ve
 fo

r 
th

e 
tw

o-
st

at
io

n 
fo

ca
l p

ar
am

et
er

 e
st

im
at

e 
of

 th
e 

ev
en

t. 
 (

c)
  D

ou
bl

e-
co

up
le

 fo
ca

l m
ec

ha
ni

sm
s 

fo
r 

th
e 

ev
en

t e
st

im
at

ed
 b

y 
th

e 
U

S
G

S
-N

E
IC

 a
nd

 H
ar

va
rd

 C
M

T
 (

bl
ac

k)
 a

nd
 th

is
 s

tu
dy

 (
re

d)
.M

W
 6

.1
 U

S
G

S
M

W
 6

.0
 H

ar
va

rd
 C

M
T

M
W

 6
.0

4 
T

hi
s 

S
tu

dy

d
at

a
sy

n
th

et
ic



F
ig

u
re

 3
.  

W
av

ef
or

m
 m

od
el

in
g 

fo
r 

th
e 

so
ur

ce
 p

ar
am

et
er

s 
of

 th
e 

20
00

/3
50

 e
ve

nt
.  

(a
) 

O
bs

er
ve

d 
(b

lu
e)

 a
nd

 s
yn

th
et

ic
 (

re
d)

 w
av

ef
or

m
s 

fo
r 

th
e 

tw
o-

st
at

io
n 

fo
ca

l p
ar

am
et

er
 e

st
im

at
io

n 
of

 th
e 

20
00

/3
50

 e
ve

nt
.  

D
at

a 
an

d 
sy

nt
he

tic
 w

er
e 

fil
te

re
d 

40
-1

00
 s

ec
on

ds
.  

(b
) 

D
ep

th
-

m
ec

ha
ni

sm
 m

is
fit

 c
ur

ve
 fo

r 
th

e 
tw

o-
st

at
io

n 
fo

ca
l p

ar
am

et
er

 e
st

im
at

e 
of

 th
e 

ev
en

t. 
 (

c)
  D

ou
bl

e-
co

up
le

 fo
ca

l m
ec

ha
ni

sm
s 

fo
r 

th
e 

ev
en

t e
st

im
at

ed
 b

y 
th

e 
U

S
G

S
-N

E
IC

 a
nd

 H
ar

va
rd

 C
M

T
 (

bl
ac

k)
 a

nd
 th

is
 s

tu
dy

 (
re

d)
.

40
-1

00
 s

M
A

LT
G

N
I

40
-1

00
 s

Z R T

(a
)

(b
)

(c
)

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

Scaled Error

0
5

10
15

20
25

30
35

40
45

D
ep

th
 (

km
)

6.
17

 
6.

13
 

6.
03

 

5.
96

 
5.

92
 

5.
90

 
5.

90
 

5.
90

 

EV
EN

T:
 2

00
0/

35
0

St
at

io
ns

: M
A

LT
 G

N
I

Fi
lte

r: 
40

 - 
10

0 
s

M
W

 6
.0

 U
S

G
S

M
W

 6
.0

 H
ar

va
rd

 C
M

T
M

W
 6

.1
7 

T
hi

s 
S

tu
dy

d
at

a
sy

n
th

et
ic



La
g 

T
im

e,
 s

ec
on

ds

Autocorrelation F
ig

u
re

 4
.  

A
ut

oc
or

re
la

tio
n 

fu
nc

tio
ns

 fo
r 

th
e 

th
re

e 
br

oa
db

an
d 

ve
rt

ic
al

-c
om

po
ne

nt
 r

eg
io

na
l r

ec
or

di
ng

s 
of

 th
e 

20
00

/3
20

 e
ve

nt
.

P
ea

ks
 a

t a
bo

ut
 1

7-
18

 s
ec

on
ds

 s
ug

ge
st

 a
 s

ec
on

d 
ev

en
t o

cu
rr

ed
 a

fte
r 

th
e 

fir
st

 e
ve

nt
.

se
co

nd
 e

ve
nt

?



30

40

50

60

C
ru

st
al

 T
hi

ck
ne

ss
 (

km
)

5.8 6.0 6.2 6.4

Crustal VP (km/s)

MALT usgs 0.01 - 0.05 Hz

30

40

50

60

5.8 6.0 6.2 6.4

Crustal VP (km/s)

GNI usgs 0.01 - 0.05 Hz

30

40

50

60
C

ru
st

al
 T

hi
ck

ne
ss

 (
km

)

5.8 6.0 6.2 6.4

Crustal VP (km/s)

ISP cmt 0.01 - 0.05 Hz

30

40

50

60

5.8 6.0 6.2 6.4

Crustal VP (km/s)

GNI cmt 0.01 - 0.05 Hz

0.5 1.0 1.5

Scaled Misfit

Figure 5. Misfit surfaces for three-component complete waveform fits to simple crustal models
(a) 2000/158 and (b) 2000/350 events.  The scaled misfit (data-synthetic) is plotted on the crustal 
thickness-crustal velocity model space (contour interval 0.2).  The best-fit model (minimum misfit) 
is indicated by the star.  A crustal Poisson's ratio of 0.25 was used for all models.
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